Radish sprouts and young seedlings are considered important dietary vegetables in Asian countries. In this study, we investigated the levels of glucosinolate and anthocyanin accumulation in radish seedlings in response to light and methyl jasmonate (MeJA) treatments. MeJA facilitated the accumulation of glucosinolate and anthocyanins under light conditions. The glucosinolate and anthocyanin contents in the radish seedlings that were exposed to light after MeJA treatment were higher than those of the seedlings that were grown in the dark without MeJA. At a concentration of 100 µM, MeJA led to the greatest accumulation of the most glucosinolates under both light and dark conditions. Under light conditions, the levels of glucoraphenin, glucoerucin, and glucotropaeolin accumulation were 1.53-, 1.60-, and 1.30-fold higher, respectively, than those of the control. Remarkable accumulations of glucobrassicin were observed under light conditions (4.4-, 6.7-, and 7.8-fold higher than that of the control following the application of 100, 300, and 500 µM MeJA, respectively). The level of cyanidin in the 300µM MeJA-treated seedlings was double of that in the control without MeJA treatment. The highest level of pelargonidin was observed after treatment with 500 µMMeJA under light conditions; this level was 1.73times higher than that in the control. A similar trend of anthocyaninaccumulation was observed in the radish seedlings following MeJA treatment under dark conditions, but the levels of anthocyanins were considerably lower in the seedlings that were grown in the dark. Our findings suggest that light and low concentrations of MeJA enhance the accumulations of glucosinolates and anthocyanins during the development of radish seedlings.
Glucosinolates and β-thioglucoside-N-hydroxysulfates are sulfurrich anionic secondary metabolites derived from glucose and amino acids. Glucosinolates are hydrolyzed into many bioactive compounds by the endogenous enzyme myrosinase; these hydrolysis products play roles in plant defense and exhibit biological activities that can affect human health [1, 2] . Glucosinolates from vegetable sources (especially those from the family Cruciferae) are used to reduce the risk of cancers of the lung, stomach, breast, prostate, pancreas, colon, and rectum [3, 4] .
Anthocyanins are natural pigments that impart color to different parts of higher plants [5, 6] . The color variations of the different anthocyanins are associated with special functions, such as insect attraction [7] . Anthocyanins are also produced in response to UV irradiation [8] . Additionally, anthocyanins have beneficial health effects in human beings. They are effective against cancer, inflammation, coronary heart disease, and other age-related diseases [9, 10] and also have antioxidant and tumor-arresting properties [11, 12] .
Brassicaceae crops are among the most commonly grown vegetables worldwide and include radishes, cabbage, kale, Brussels sprouts, cauliflower, broccoli, and kohlrabi. These plants contain glucosinolates and their breakdown products [13] . Anthocyanins isolated from red-colored radishes are widely used as natural foodcoloring agents [14] . They can be differentiated from those that are isolated from other plants based on the structure of aglycon [15, 16] . The sprouts of vegetables have attracted attention as functional vegetables because of their beneficial nutritional components, which include amino acids, fiber, minerals, carbohydrates, and proteins [17] . Recently, our group reported that the duration and amount of light applied during sprouting strongly affects the mechanisms of flavonoid and anthocyanin biosynthesis [18] .
Methyl jasmonate (MeJA) and its associated free acid jasmonic acid (JA) are important cellular regulators that are involved in diverse developmental processes, such as seed germination, root growth, fertility, fruit ripening, and senescence [19, 20] . MeJA has been reported to enhance anthocyanin synthesis in various plants, such as soybean seedlings [21] and Arabidopsis seedlings [22] .
Many studies have investigated the factors that affect the levels of glucosinolate and anthocyanin accumulation. However, the effects of MeJA treatment under light and dark conditions on the accumulations of glucosinolate and anthocyanins during the development stage of the radish have not yet been investigated. In this study, we investigated the glucosinolate and anthocyanin contents of radish seedlings during development in response to MeJA treatment under light and dark conditions. Under light conditions, glucosinolate concentrations increased with increasing concentrations of MeJA, and 100 µM MeJA resulted in the greatest accumulations of glucoraphenin, glucoerucin, glucotropaeolin, glucoraphasatin, and 4-methoxyglucobrassicin. The concentrations of these compounds decreased slowly with increasing concentrations of MeJA above 100 µM. Under light conditions, the accumulated levels of glucoraphenin, glucoerucin, and glucotropaeolin were 1.53-, 1.60-, and 1.3-fold, respectively, greater than that of the control (to which no MeJA was applied). The levels of glucoraphenin, 4-hydroxyglucobrassicin, and glucobrassicin increased with increasing concentrations of MeJA, and the highest levels of these compounds were observed at the highest concentration of MeJA (500 µM). Remarkable accumulations of glucobrassicin were observed relative to the control (4.4-, 6.7-, and 7.8-fold increases at 100, 300, and 500 µMMeJA, respectively) in the light conditions (Table 1) .
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Under dark conditions, the glucosinolate contents, particularly the glucoalyssin, glucoerucin, glucotropaeolin, glucoraphasatin, and glucobrassicin contents, increased with increasing concentrations of MeJA. The best performances (greatest accumulations) of glucoalyssin, glucoerucin, glucotropaeolin, glucoraphasatin were observed at 100 µMMeJA. These compounds decreased with increasing concentrations of MeJA above 100 µM. Glucoraphenin, glucoraphenin, 4-hydroxyglucobrassicin, and 4-methoxyglucobrassicin did not respond to MeJA treatment under dark conditions. The accumulations of these compounds decreased following all MeJA treatments. Glucoalyssin, glucoerucin, glucotropaeolin, and glucoraphasatin accumulated to levels that were 1.4-, 2.0-, 1.8, and 1.4-fold greater, respectively, than the levels in the control under dark conditions. Compared to the control, large amounts of glucobrassicin accumulated under dark conditions(3.9-, 4.5-, and 7.7-fold increases at 100, 300, and 500 µMMeJA, respectively). The accumulations of glucoraphanin, glucoraphenin and 4-methoxyglucobrassicin were greater in the control under dark conditions than in the seedlings that were treated with any of the concentrations of MeJA; these treatments lead to sharp decreases in the concentrations of these compounds.
For most of the glucosinolates, the accumulations were greater in the seedlings that were grown under light conditions with MeJA treatment than in those that were grown under dark conditions ( Table 1 ). The light conditions favored the accumulation of secondary metabolites as reported by Park et al. [23] . MeJA influences the accumulation of secondary metabolites and has been shown to induce rosmarinic acid in Agastache rugosa Kuntze [24] and sorgoleone production in sorghum root hair [25] .Our results agree with the previously published data regarding soybeans [26] and Arabidopsis seedlings [27] .
Effect of methyl jasmonate on the accumulation of Anthocyanin:
The accumulation of anthocyanins in radish seedlings was analyzed using HPLC following the treatments with the different concentrations of MeJA under both light and dark conditions ( Table 2) . Two types of anthocyanins, i.e., cyanidin and pelargonidin, accumulated at different concentrations in response to MeJA under both conditions. MeJA facilitated the accumulation of anthocyanins under light conditions. The anthocyanins levels in the radish seedlings under light conditions with and without MeJA treatment were different than those of the seedlings that were grown under dark conditions. The concentrations of cyanidin increased with increasing concentrations of MeJA until 300 µM, at which point the concentrations gradually decreased in the light condition. The level of cyanidin was doubled in the 300µMMeJA-treated seedlings compared with the control that did not receive MeJA treatment. The content of pelargonidin also increased with increasing MeJA concentration. The highest level of pelargonidin was observed following treatment with 500 µMMeJA under light conditions; the pelargonidin content was 1.73-fold greater than that in the control.
The trend of anthocyanin accumulation in the radish seedlings in response to MeJA treatment was similar under dark conditions, but the levels of anthocyanin were considerably lower in the dark. The level of cyanidin increased with increasing concentration of MeJA under dark conditions. The level of cyanidin in the MeJA-treated seedlings was double than of the control under dark conditions, but this amount was considerably lower than that in the radish seedlings grown under light conditions; there was a threefold difference in the cyanidin concentrations between the light and dark conditions. A similar trend was noted for the accumulation of pelargonidin under dark conditions. Although the level of pelargonidin increased with increasing concentration of MeJA under dark conditions, the rate of accumulation was greater under dark conditions than under light conditions. Nonetheless, the total amount was considerably lower under dark conditions. The accumulation rate of pelargonidin was 3.4times greater following treatment with 500 µMMeJA under dark conditions, whereas the total content was three times greater at the same concentration of MeJA when the seedlings were grown under light conditions. Anthocyanin accumulation under light conditions after treatment with MeJA was greater than that under dark conditions. This finding is consistent with that of the study by Park et al. [23] , who reported that the anthocyanin contents of sprouts exposed to light and treated with MeJA are higher than those of sprouts grown under dark conditions. Increased anthocyanin levels have been observed in seedlings that are treated with 10 -4 M chloramphenicol [26] . Treatment with MeJA has been shown to induce rosmarinic acid in Agastache rugosa Kuntze [24] , sorgoleone production in sorghum root hair [25] .
Our findings suggest that the application of MeJA and light induces greater production of glucosinolates and anthocyanins than treatments involving dark conditions and/or no application of MeJA during the development of radish seedlings Experimental Chemicals: HPLC-grade acetonitrile (CH 3 CN), methanol (MeOH) and mobile phase solvent were purchased from J.T. Baker Chemical Co. (Phillipsburg, NJ, USA), and sodium acetate (NaC 2 H 3 O 2 ·3H 2 O) was obtained from Hayashi Pure Chemical Industries, Ltd. (Osaka, Japan). Aryl sulfatase (type H-1, EC 3.1.6.1), sinigrin (2-propenyl GSL), and DEAE-Sephadex A-25 were supplied by Sigma-Aldrich Chemical Company (St. Louis, MO, USA). Ultra-pure water was generated by the PURELAB Option-Q System (ELGA Lab Water, VWS Ltd., UK). For separation, 5% (v/v) formic acid (Kanto
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Natural Product Communications Vol. 10 (7) 2015 1213 light intensity. For the biological replicates, we used three plastic boxes for each treatment with 100 seeds per box and harvested the sprouts without the roots from each box at 0, 3, 6, 9, and 12 d after sowing (DAS). The lengths and weights of 15 seedlings were measured for each replicate. The sprouts were ground with a mortar and pestle under liquid nitrogen for anthocyanin analyses.
Extraction of desulfo-glucosinolates:
Desulfo-glucosinolates (DSGSLs) were extracted according to the procedure described in previous studies [27, 28] . Briefly, crude GSLs were extracted from lyophilized powder (100 mg) with 70% (v/v) boiling methanol (1.5 mL) in a water bath at 70°C for 5 min to inactivate the endomyrosinase. The mixtures were centrifuged at 12,000 ×g at 4°C for 10 min in a Hanil microcentrifuge (Micro 17R, Incheon, Korea), and the resulting supernatants were collected into 5-mL test tubes. The residue was re-extracted twice in the same manner, and the supernatants were combined and considered as crude GSL extracts. The extracts were loaded using 1,000-μL pipet tips into a minicolumn that had been previously packed with DEAE-Sephadex A-25 (H + form by 0.5 M sodium acetate, approximately 40 mg dry weight). After washing with ultrapure water, the GSLs were desulfated via the addition of an aryl sulfatase solution (75 μL) to the column. After overnight incubation (16-18 h) at ambient temperature, the DS-GSLs were eluted with 0.5 mL (×3) of ultrapure water into 2-mL microcentrifuge tubes. The eluates were then filtered through a 0.45-µm hydrophilic PTFE syringe filter (Ø, 13 mm; Advantec, Tokyo, Japan) into brown HPLC vials and immediately stored in a refrigerator at 4°C until the HPLC analysis.
HPLC analysis of the DS-GSLs:
The separation of the DS-GSLs was performed on a reverse-phase Inertsil ODS-3 column (150 × 3.0 mm i.d., particle size = 3 μm; GL Sciences, Tokyo, Japan) with an E-type cartridge guard column (10 × 2.0 mm i.d.; 5 μm) using an Agilent Technologies 1200 series (Palo Alto, CA, USA). The column oven temperature and detection wavelength were set at 40°C and 227 nm, respectively, and the flow rate was 0.2 mL/min. The mobile phase consisted of ultrapure water (solvent A) and CH 3 CN (solvent B). The gradient program was as follows: a linear step from 7% to 24% of solvent B for 18 min, 24% solvent B for the next 14 min, a quick drop to 7% B at 32.1 min, and isocratic conditions with 7% B for 8 min (40 min total). Individual GSLs were identified based on the HPLC retention times according to the methods described in a previously published report [36] and were quantified with 5 mL of external standard sinigrin solution (0.1 mg/mL). The standard solution was subjected to the same extraction process with the HPLC area and response factor [37] . All DS-GSLs are referred to as GSLs in the present study, although they were desulfated.
Qualitative LC/ESI-MS analysis of the DS-GSLs:
The mass spectrometry (MS) data were acquired using an electrospray ionization (ESI)-mass spectrometer and an API 4000 QTRAP system (Applied Biosystems, Foster City, CA, USA) equipped with an Agilent 1200 series HPLC in positive ion mode ([MH] + ). The analytical MS conditions were as follows: scan range and time, m/z 100-800 and 4.8 s, respectively; curtain gas (N 2 ), 20 psi; heating gas temperature, 550°C; nebulizing and heating gas, 50 psi; ion spray voltage, 5,500 V; and declustering and entrance potentials, 100 V and 10 V, respectively.
Extraction and HPLC Analysis of the Anthocyanins: A fine radish powder (100 mg) was weighed in a 2-mL Eppendorf tube, and 2 mL of water: formic acid (95:5, v/v) was added. The extract solution was then vigorously vortexed for 5 min and sonicated for 20 min. After centrifugation (at 8,000 rpm for 15 min), the supernatant was filtered through a 0.45-μm PTFE syringe filter (Advantec DISMIC-13 HP ; Toyo Roshi Kaisha, Ltd., Tokyo, Japan). The filtrate was then analyzed using a Perkin Elmer Flexar HPLC system (Shelton, CT, USA) equipped with a photodiode array (PDA) LC detector. Individual anthocyanins within the extract solution were separated on a Synergy4μPolar-RP80A (250 × 4.6 mm, i.d.) column via the use of a Security Guard AQ C18 (4 × 3 mm, i.d.). Both of these pieces of equipment were purchased from Phenomenex (Torrance, CA, USA). The detection wavelength and temperature of the column were set at 520 nm and 40°C, respectively. The injection volume was 10 μL with automatic sampling, and the solvent system was run at a flow rate of 1 mL/min.
The mobile phase solvents consisted of mixtures of (A) water: formic acid (95:5, v/v) and (B) acetonitrile: formic acid (95:5, v/v). The gradient program was extensively modified from those described by Giusti et al. [29] and Tatsuzawa et al. [30] [31] . The different anthocyanins were quantified based on the peak areas and calculated as the equivalents of the two representative standard compounds. All contents are expressed as milligrams per gram dry weight.
